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GRAPHICAL  ABSTRACT 


►  Highly  conductive  Pd-Nbo.06Tio.94O2 
supports  were  obtained  with  the 
addition  of  Pd. 

►  The  supported  Pt-Pd  catalysts  were 
prepared  by  a  polyol  deposition 
method. 

►  The  conductivity  of  support 
increased  with  increasing  content  of 
Pd. 

►  Pt— Pd  nanoparticles  adhered  to  Pd 
—Nbo.06Tio.94O2  surfaces  to  form 
PtmPdn  clusters. 

►  PtmPdn  facilitate  the  dissociation  of 
02  on  the  Pt  surface  and  enhance 
ORR  activity. 
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Several  Pd-composite  Nb0.06Ti0.94O2  materials  are  synthesized  by  a  two-step  procedure,  and  employed 
as  the  Pt-Pd  alloy  catalyst  support  for  the  PEM  fuel  cell  oxygen  reduction  reaction  (ORR).  These  supports 
and  their  supported  catalysts  are  characterized  using  analytical  and  electrochemical  methods  with 
respect  to  their  material  morphology,  chemical/electrochemical  stability,  electronic  conductivity  as  well 
as  oxygen  reduction  reaction  (ORR)  mass  activity/stability.  For  the  supported  Pt— Pd  catalysts,  the  Pt— Pd 
nanoparticles  adhered  to  both  the  Nb0.06Ti0.94O2  and  composited  Pd  surfaces  to  form  PtmPd„  clusters.  A 
possible  synergetic  interaction  between  the  Pt— Pd  alloy  catalyst  and  its  Pd— Nb0.06Ti0.94O2  composite 
support  is  believed  to  exist  which  enhances  the  ORR  activity  of  these  catalysts.  The  electronic  conduc¬ 
tivity  of  Nb0.06Ti0.94O2  can  be  greatly  improved  after  forming  composites  with  Pd  to  the  desired  levels 
required  for  electrocatalyst  applications.  Three  supported  Pt— Pd  catalysts,  20  wt%  Pto.62Pdo.3s/ Pd  1  owt%— 
(Nb0.06Ti0.94O2)90wt%,  20  wt%  Pto.62Pdo.38/Pd30w«-(Nbo.o6Tio.9402)70wt*,  and  20  wt%  Pto.62Pdo.38/Pd50wt*;- 
( Nb0.06Ti0.94O2 )50wt%,  are  synthesized  and  tested  using  both  cyclic  voltammetric  and  rotating  disk  elec¬ 
trode  techniques  with  respect  to  their  surface  electrochemistry,  ORR  mass  activity,  and  electrochemical 
stability.  All  three  catalysts  show  higher  Pt  mass  activity  (>130  mA  mgpt1  at  0.9  V  vs.  RHE)  than  that  of 
the  baseline  47  wt%  Pt  C  1  carbon  supported  catalyst  (110  mA  mgpt1).  However,  the  durability  of  these 
catalysts  needs  to  be  further  improved. 
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1.  Introduction 

Proton  exchange  membrane  (PEM)  fuel  cells  are  electrochemical 
devices  that  convert  the  chemical  energy  of  a  fuel  such  as  hydrogen 
into  electricity  with  high  efficiency.  They  have  many  advantages 
such  as  high  energy  density,  high  power  density,  and  low/zero 
emissions  which  have  made  them  very  promising  in  several 
important  applications  such  as  transportation,  stationary  and 
portable  power  [1—4],  PEM  fuel  cells  are  approaching  full 
commercialization,  but  two  major  challenges,  high  cost  and  insuf¬ 
ficient  durability,  have  been  recognized  as  barriers  toward  further 
progress  [5—9],  Both  high  cost  and  low  durability  are  largely  an 
issue  with  the  Pt-based  catalysts  used  in  the  PEM  fuel  cell  for  both 
the  oxygen  reduction  reaction  (ORR)  at  the  cathode  and  the 
hydrogen  oxidation  reaction  (HOR)  at  the  anode.  With  the  current 
state  of  technology,  carbon  supported  Pt-based  catalysts  are  still 
the  most  practical  catalysts  for  fuel  cell  reactions  [4,10—14], 
Therefore,  for  near  term  commercialization,  reducing  the  cost  of  Pt 
catalysts  and  increasing  their  stability  at  the  same  time  seems  to  be 
a  necessary  approach. 

With  respect  to  the  durability  issues  with  PEM  fuel  cells,  catalyst 
degradation  caused  by  carbon  support  oxidation,  Pt  particle 
agglomeration,  sintering,  and  dissolution  have  been  identified  as 
some  of  the  major  contributors.  In  particular,  the  oxidation  or 
corrosion  of  the  catalyst  carbon  support  under  harsh  fuel  cell 
operational  conditions  such  as  high  cathode  potential  in  the  pres¬ 
ence  of  oxygen  and  water  can  cause  Pt  particles  to  be  separated 
from  the  carbon  support,  leading  to  isolated  Pt  particles.  As  a  result, 
the  reaction  site  density  will  be  reduced,  causing  reduced  Pt  utili¬ 
zation  and  the  degradation  of  fuel  cell  performance  as  well  [15—17], 
To  address  the  corrosion  issue  of  the  carbon  support,  considerable 
effort  has  been  put  into  replacing  carbon  using  non-carbon  mate¬ 
rials  [18]. 

In  the  effort  to  replace  carbon  using  non-carbon  materials, 
titanium  dioxide  (TiC^J-based  materials  have  received  great 
attention  due  to  their  high  chemical,  electrochemical  and  thermal 
stability.  However,  both  electronic  conductivity  and  surface  area 
have  been  identified  as  the  challenges  for  metal  oxide-based 
materials  including  TiC>2  when  they  are  used  for  fuel  cell  catalyst 
supports  [19,20],  Normally,  the  catalyst  support  should  have 
a  sufficient  conductivity  at  least  above  0.1  S  cm-1  for  fuel  cell 
catalyst  applications  [21,22]  as  well  as  a  surface  area  larger  than 
100  m2  g-1  [23], 

Although  TiC>2  itself  is  not  conductive,  doping  with  appropriate 
n-type  dopants  like  niobium  (Nb)  can  effectively  improve  its 
conductivity  because  of  the  different  valence  state  of  Nb  and  the 
doping  feasibility  as  a  result  of  the  similarity  of  the  ionic  radii  of 
Nbs+  (r  =  0.70  A)  and  Ti4+  (r  =  0.68  A)  [24-26],  Some  reports  [9,27] 
have  shown  that  with  the  usage  of  NbxTi(i_X)02  as  a  support  for  a  Pt 
catalyst,  the  interaction  between  the  catalyst  and  the  support  are 
strong  enough  to  improve  Pt  specific  activity  for  the  oxygen 
reduction  reaction  (ORR).  Also,  the  electrical  conductivity  of  Nb- 
doped  Ti02  was  found  to  strongly  depend  on  the  synthesis  condi¬ 
tions  [28],  For  example,  high  heat-treatment  temperature  were 
found  to  be  effective  in  enhancing  the  electrical  conductivity  of 
Nb-doped  Ti02  [9].  According  to  Huang  et  al.  [9],  after  NbxTi(i_X)02 
(x  =  0.25)  was  treated  at  900  °C,  its  conductivity  could  be  increased 
to  1.11  S  cm1.  However,  its  specific  surface  area  was  reduced  from 
300  to  2  m2  g-1,  indicating  that  the  surface  area  of  Ti02-based 
materials  can  be  significantly  decreased  with  increasing  heat- 
treatment  temperature.  In  order  to  obtain  both  high  electrical 
conductivity  and  high  specific  surface  area,  some  optimization  is 
definitely  required,  which  results  in  a  trade-off  between  these 
parameters. 


Another  way  to  improve  the  electrical  conductivity  of  the 
support  would  be  to  introduce  conductive  materials  such  as  pure 
metal  into  the  Ti02-based  material  to  form  composite  support 
materials.  In  this  work,  Pd,  which  has  an  electrical  conductivity 
above  10  S  cm-1  [29],  was  introduced  into  Nb— doped  TiCh  (Nb— 
TiCb)  material.  After  this  Pd  introduction,  the  electrical  conduc¬ 
tivity  of  the  composite  Pd  and  Nb— Ti02  material  showed  a  signifi¬ 
cant  increase  in  conductivity  from  Nb-Ti02's  10-3  S  cm  1  to 
2.65  S  cm-1,  and  the  resulting  material  also  showed  improved  ORR 
electrocatalytic  activity  due  to  the  interaction  between  the  support 
and  the  PtPd  catalyst.  In  our  approach,  both  one-step  and  two-step 
synthesis  methods  were  developed  to  synthesize  composites  of  Pd 
with  Nb0.06Ti0.94O2  as  a  support  material  (Pd-Nb0.06Ti0.94O2),  and 
this  support  was  used  to  prepare  PtPd  alloy  catalysts  (PtxPdy/Pd- 
Nb0.06Ti0.94O2).  Both  physical  and  electrochemical  characteriza¬ 
tions  were  carried  out  on  these  materials  with  respect  to  their 
structure,  composition,  and  ORR  performance,  and  are  reported  in 
this  paper. 

2.  Experimental  section 

2.1.  Chemicals 

For  synthesis,  the  following  chemicals  were  used:  titanium(IV) 
isopropoxide  (97%,  Alfa  Aesar),  niobium(V)  ethoxide  (99.999%,  Alfa 
Aesar)  and  ammonium  hexachloropalladate(IV)  (99.9%,  Alfa  Aesar), 
hydrochloric  acid  (37%,  Sigma— Aldrich),  sodium  borohydride  (98%, 
Sigma-Aldrich),  chloroplatinic  acid  hydrate  (99.9%,  Sigma- 
Aldrich),  anhydrous  ethylene  glycol  (99.8%,  Sigma-Aldrich),  and 
Nafion®  ionomer  (5  wt%  in  lower  aliphatic  alcohols  and  water, 
Sigma-Aldrich).  All  chemicals  were  used  as  received  without 
further  purification. 

2.2.  Support  synthesis 

In  synthesizing  the  composite  materials  via  a  two-step  proce¬ 
dure,  the  first  step  was  to  synthesize  Nb— doped  Ti02 
(Nb0.06Ti0.94O2).  A  certain  amount  of  niobium  (V)  ethoxide  was 
added  to  12  M  hydrochloric  acid  with  stirring  for  15  min.  Then, 
titanium(IV)  isopropoxide  was  added  to  the  above  solution  under 
stirring  for  another  15  min  to  form  a  precursor  solution.  This 
solution  was  then  heated  at  120  °C  for  20  h  under  stirring.  The 
produced  solid  was  filtered  out  by  a  centrifuge,  washed  with 
deionized  water,  and  dried  in  an  oven  at  80  °C.  After  that,  the  ob¬ 
tained  dry  solid  was  transferred  to  a  furnace  and  reduced  at  700  °C 
for  10  h  under  pure  H2  gas  at  a  flow  rate  of  600  ml  min-1.  The  final 
product  was  ground  in  an  agate  mortar  to  obtain  a  fine  powder  of 
Nb0.06Ti0.94O2. 

In  the  second  step  to  make  a  Pd  composite  support  material, 
the  Nb0.06Ti0.94O2  nanoparticle  powder  was  mixed  with  DI  water 
under  ultrasonication  for  1.0  h  to  form  a  mixture  (marked  as 
Mixture  A).  For  Pd  precursor  preparation,  the  calculated  amount  of 
ammonium  hexachloropalladate  (IV)  was  dissolved  into  a  solvent 
containing  DI  water  and  anhydrous  ethylene  glycol  (volume  ratio 
of  1:5).  Then  this  Pd4+  containing  solution  was  placed  in  the 
center  of  a  microwave  oven  (National  NN-S327WF,  2450  MHz, 
700  W)  and  heated  at  250  °C  for  2  min.  After  this  heating,  the 
resulting  suspension  was  mixed  with  mixture  A  under  stirring  for 
24  h,  which  was  then  filtered  to  obtain  the  solid  sample.  This  solid 
sample  was  washed  and  dried  at  100  °C  overnight  in  a  vacuum 
oven  to  obtain  the  final  product.  To  make  a  fine  powder,  this  final 
product  was  ground  in  an  agate  mortar  for  0.5  h  to  obtain  nano¬ 
particles  of  Pd  composited  Nb0.06Ti0.94O2.  In  this  two-step  proce¬ 
dure,  the  compositions  of  Pd,  Nb,  and  Ti  in  the  support  material 


234 


Y.-J.  Wang  et  al.  /  Journal  of  Power  Sources  221  (2013)  232-241 


could  be  adjusted  to  form  different  materials  containing  different 
amounts  of  these  metals.  However,  for  Nb— doped  TiCh,  the  mole 
compositions  for  Nb  and  Ti  were  kept  constant  at  0.06  and  0.94, 
respectively.  Therefore,  for  the  Nb-doped  TiCb  sample,  the 
molecular  expression,  Nb0.06Ti0.94O2,  is  used  in  this  paper,  indi¬ 
cating  that  the  sum  of  the  mole  composition  of  Nb  and  Ti  is  equal 
to  one.  For  the  Pd  composite  with  Nb0.06Ti0.94O2,  weight 
percentage  is  used.  The  general  expression  for  the  composite 
support  can  be  written  as  Pdx— (  Nb0.06Ti0.94O2 )y,  where  x  and  y  are 
the  weight  percentages  of  Pd  and  Nb0.06Ti0.94O2  in  the  composite, 
respectively.  In  the  case  of  the  support  alone,  the  sum  of  x  and  y 
should  be  equal  to  100  wt%.  In  this  work,  three  composites 
were  synthesized  with  x  =  10,  30,  or  50  wt%,  and  the  corre¬ 
sponding  y  =  90,  70,  and  50  wt%,  respectively.  The  corresponding 
supports  can  be  expressed  as:  Pd10wa-(Nb0.o6Tio.9402)90wt%. 
Pd30wt%-(Nbo.06Tio.9402)70wt%.  and  PdsOwt%-(Nbo,06Tio.9402)50wt%. 
respectively. 

2.3.  Catalyst  synthesis 

In  this  paper,  the  weight  percentage  of  the  Pt-Pd  catalyst  alloy 
in  the  supported  catalysts  was  fixed  at  20  wt%.  For  the  catalyst 
synthesis,  90  mg  of  support  material  was  first  ultrasonicated  in 
ethylene  glycol  (20  ml)  for  1  h,  and  then  a  mixture  Pt— Pd  solution, 
which  was  prepared  by  mixing  a  (NH4)2PdCl6  solution  containing 
18.9  mg  (NH4)2PdCl6  with  the  solvents  of  0.5  ml  DI  water  and  1  ml 
ethylene  glycol,  and  a  H2PtCl6  -6H20  solution  containing  45.25  mg 
H2Ptd6-6H20  and  0.5  ml  DI  water,  was  added  dropwise  into  the 
above  support  material  containing  solution  while  stirring.  After 
that,  a  solution  of  0.1  M  NaOH  was  added  to  control  the  pH  at  10. 
After  a  few  minutes  of  mixing,  the  beaker  was  placed  in  the  center 
of  a  microwave  oven  (Sonicator  3000,  Misonix)  and  heated  for 
120  s.  The  resulting  suspension  was  filtered  and  the  residue  was 
washed  with  DI  water  three  times.  The  solid  product  was  dried  at 
60  °C  overnight  in  an  oven  to  obtain  the  final  supported  alloy 
catalyst.  Three  supported  alloy  catalysts  were  formed,  20  wt% 
Pto.62Pdo.38/PdlOw«-(Nbo.06Tio.9402)90wt%,  20  Wt%  Pto.62Pdo.38/ 
Pd30wt*— (Nbo.o6Tio.9402)70wt%,  and  20  wt%  Pt0.62Pd0.3s/Pd50we;- 
(Nbo,o6Tio.9402)50w«.  respectively. 

For  the  Pt— Pd  alloy  catalyst  in  these  supported  catalysts,  the 
mole  ratio  of  Pt:Pd  is  62:38.  As  discussed  in  a  later  section,  cata¬ 
lysts  with  two  other  Pt:Pd  ratios  (15:85,  35:65)  were  also 
synthesized  in  an  effort  to  optimize  the  ORR  activity.  Note  that  for 
these  supported  catalysts,  the  weight  percentage  of  platinum/ 
palladium  alloy  catalyst  for  each  one  is  20  wt%,  and  the  support 
accounts  for  80  wt%. 


2.4.  Physical  characterization 

For  chemical  stability  of  the  support,  a  typical  sample  (Pd30wt 
%— (Nbo.o6Tio.9402)70w«)  synthesized  by  the  two-step  procedure 
was  tested  in  an  acid  solution.  200  mg  of  the  sample  was  added 
into  50  ml  of  1  M  H2S04,  and  heated  at  95  °C  for  24  h  or  at  200  °C 
for  2  h,  respectively.  The  sample’s  ion  concentration  in  the  solu¬ 
tion  was  analyzed  by  inductively  coupled  plasma  mass  spectros¬ 
copy  (ICP-MS)  to  obtain  its  solubility. 

The  electronic  conductivity  of  the  support  materials  was 
determined  using  the  electrochemical  impedance  spectroscopy 
(EIS)  method  at  room  temperature.  For  preparing  the  sample  pellet, 
87.3  kPa  of  pressure  was  used  to  press  the  sample  powder  into 
a  pellet.  The  EIS  measurements  were  carried  out  using  a  Solartron 
1260  frequency  response  analyzer  (FRA)  connected  to  a  Solartron 
1480A  Multistat  over  the  frequency  range  from  100  kHz  to  0.1  Hz 
with  a  10  mV  AC  perturbation. 


For  composition  of  the  support  materials  and  their  supported 
Pt— Pd  alloy  catalysts,  powder  X-ray  diffraction  (XRD),  using 
a  Bruker  D8  Advanced  X-ray  diffractometer  with  Cu  Ka  radiation 
(A  =  1.5406  A),  was  used  at  a  scan  rate  of  0.02°S_1  in  the  2d  range 
from  10°  to  90°.  The  morphology  and  dispersion  of  the  catalyst 
nanoparticles  on  the  support  material  were  examined  using 
a  conventional  transmission  electron  microscope  (TEM,  Philips 
CM12)  at  relatively  low  magnification.  Samples  for  TEM  observa¬ 
tion  were  directly  supported  on  a  copper  mesh  with  a  carbon 
microgrid.  STEM  HAADF  images  were  acquired  using  a  scanned 
focused  probe  together  with  a  high-angle  annular  dark  field 
detector  on  the  FEI  Titan  80-300  Cubed  TEM  operated  at  300  kV. 
The  instrument  was  equipped  with  a  Gatan  Imaging  Filter  (GIF)  for 
an  energy  dispersive  X-ray  detector  for  elemental  analysis  and 
mappings. 

Surface-area  determination  was  carried  out  with  the 
Brannuaer-Emmet-Teller  (BET)  technique  using  a  Beckam  Coulter 
analyzer  (Model  SA3100). 

2.5.  Electrochemical  characterization 

For  electrochemical  characterization,  the  working  electrodes 
were  coated  with  the  supported  catalyst  using  the  following 
procedure:  A  catalyst  ink  was  prepared  by  mixing  18.9  mg  of  the 
sample  powder  with  9.5  ml  of  distilled  water  and  0.5  ml  of  iso¬ 
propyl  alcohol  under  sonication  for  1  h.  Then  24  pi  of  this  ink  was 
placed  onto  a  pre-cleaned  glassy  carbon  (GC)  electrode.  After 
solvent  evaporation,  the  deposited  coating  layer  was  covered  with 
7  pi  of  Nafion®  ionomer  solution  (5  wt%,  Dupont)  in  order  to  fix 
the  particles  on  the  GC  surface.  This  coated  electrode  was  then 
dried  in  air  for  0.5  h,  followed  by  electrochemical  measurements 
using  a  rotating  disk  electrode  (RDE)  method.  A  Pine  three- 
electrode  cell  (rotating  disk  working  electrode,  a  reversible 
hydrogen  reference  electrode  (RHE),  and  a  Pt  wire  counter  elec¬ 
trode)  was  used  for  all  electrochemical  measurements.  For  surface 
electrochemical  measurements,  cyclic  voltammograms  (CVs) 
(20  cycles  at  a  potential  rate  of  20  mV  s  1  in  the  potential  range  of 
0.05-1.2  V  (RHE))  of  the  coated  electrode  were  recorded  in  a  N2- 
purged  0.1  M  HCIO4  electrolyte.  For  ORR  measurements,  linear 
current— voltage  curves  of  the  catalyst-coated  electrode  were 
measured  at  a  potential  scan  rate  of  5  mV  s-1  and  an  electrode 
rotation  rate  of  1600  rpm  in  an  02-saturated  0.1  M  HCIO4  elec¬ 
trolyte  solution.  All  electrochemical  experiments  were  performed 
at  31  °C  and  ambient  pressure  using  a  Solartron  multichannel 
potentiostat  model  1480  (controlled  with  Corrware  software, 
Scribner  Associates  Inc.,  USA). 

3.  Results  and  discussion 

3.1.  Chemical  stability  of  the  support  materials 

In  this  approach,  the  major  purpose  in  developing  metal  oxide 
support  materials  is  to  replace  carbon  as  a  high  temperature  PEM 
fuel  cell  catalyst  support  which  can  operate  in  an  acidic  envi¬ 
ronment  in  the  temperature  range  from  90  to  200  °C.  Therefore, 
the  stability  of  the  support  becomes  an  important  criterion  for 
judging  its  feasibility.  In  this  experiment,  the  chemical  stability 
was  estimated  by  measuring  the  materials’  solubility  in  acidic 
solution  at  both  the  temperatures  of  95  °C  and  200  °C.  Pd30wt%— 
(Nbo.o6Tio.9402)70wt%  was  chosen  as  the  example  support  for 
testing.  After  the  sample  was  individually  exposed  to  acidic 
solution  at  these  two  temperatures,  the  solutions  were  analyzed 
using  the  ICP-MS  method  to  obtain  the  weights  of  dissolution.  In 
this  way,  the  weight  loss  percentages  could  be  calculated  and  are 
shown  in  Fig.  1.  It  can  be  seen  that  the  weight  losses  at  the  two 
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the  other  can  lead  to  an  energy  band  distortion,  and  as  a  conse¬ 
quence,  some  electrons  (or  holes)  can  occupy  energy  states  in  the 
conduction  band  (or  valence  band),  and  migrate  through  the 
material  by  percolation.  The  percolation  through  touching  metal 
particles  is  not  identical  with  that  through  overlapping  space 
charge  layers  [39]. 

3.3.  XRD  characterization 

Fig.  2  shows  the  powder  XRD  patterns  of  different  Pd-composite 
Nb0.06Ti0.94O2  samples  and  their  corresponding  Pt— Pd  alloy  cata¬ 
lysts.  The  XRD  patterns  of  the  Pd— Nb0.06Ti0.94O2  composite  samples 
show  the  separate  phases  of  Pd  (dark  circle)  and  rutile  Ti02  (open 
circle)  for  Nb0.06Ti0.94O2.  However,  no  distinct  niobium  oxide  phases 
can  be  found  for  Nb0.06Ti0.94O2  in  Fig.  2a  due  to  either  its  amorphous 
structure  in  Nb— doped  Ti02  at  low  mole  percentages  [40]  or  due  to 
the  easy  doping  of  rutile  Ti02  with  Nb  [41  ].  The  formation  of  a  pure 
rutile  Ti02  (open  circle)  for  Nb0.06Ti0.94O2  can  also  be  seen  because 
the  samples  were  reduced  at  700  °C  for  10  h  in  H2.  This  temperature 
of  700  °C  is  the  transition  temperature  for  Ti02  from  the  anatase  to 
rutile  phase  [25,42],  From  the  XRD  patterns,  the  Pd  crystallite  size 


temperatures  for  all  metals  are  less  than  3  wt%,  demonstrating 
that  this  material  is  chemically  stable  when  a  5  wt%  loss  is  set  as 
the  tolerance  limit. 

3.2.  BET  surface  area  and  conductivity  of  the  supports 

The  BET  surface  areas  for  various  Pd— composited  Nb0.06Ti0.94O2 
samples  were  measured,  as  shown  in  Table  1.  All  BET  surface  areas 
are  much  smaller  (<12  m2  g”1)  than  those  of  carbon  support 
materials.  For  example,  a  typical  commercially  available  carbon 
support  has  a  BET  surface  area  of  866  m2  g  '.  Compared  to  pure 
Nb0.06Ti0.94O2,  the  Pd— composite  Nb0.06Ti0.94O2  samples  have 
slightly  higher  BET  surface  areas.  Although  BET  surface  area  is  not 
the  main  focus  of  this  paper,  it  can  affect  the  catalyst  deposition, 
and  dispersion  as  well  as  the  catalyst  activity,  which  will  be  further 
investigated  in  our  continuing  work. 

Electronic  conductivities  of  support  materials  for  fuel  cell 
catalyst  applications  are  required  to  be  higher  than  0.1  S  cm”1 
[21,22],  This  is  because  more  highly  conductive  supports  favor 
the  electron  transfer  between  the  platinum  particle  and  the 
support  [30,31  ].  Table  1  lists  the  conductivities  of  all  samples.  It 
can  be  seen  that  the  conductivity  can  be  increased  from 
8.9  x  10”2  S  cm”1  to  2.65  S  cm”1  with  increasing  the  Pd  content 
from  10  wt%  to  50  wt%  while  the  pure  Nb0.06Ti0.94O2  has  a  low 
conductivity  of  4.45  x  10”2  S  cm”1.  The  increase  of  conductivity 
can  be  mainly  attributed  to  the  addition  of  Pd  in  the  Pd- 
composite  Nb0.06Ti0.94O2.  According  to  the  literature  [32—35], 
the  electronic  conducting  paths  can  be  generated  by  metallic 
clusters  in  contact.  When  particles  touch  each  other,  space 
charges  are  created  and  the  Fermi  energies  are  equilibrated 
[36—38],  The  migration  of  charge  carriers  from  one  material  to 


Nbo.06Tio.94O2  composite  supports. 

Sample  Conductivity  (S  cm-1)  BET  (m2  g  1 ) 

Nbo.06Tio.94O2  4.45  x  10~3  45 

PdiowB-(Nbo.o6Tio.9402)90wts  8.92  X  10”2  5.5 

Pd30wB-(Nb0.o6Tio.9402)70wt*  4.81  X  10”1  10.4 

Pd50wa-(Nb0o6Tio9402)50wt*  2.65  9.0 


20  40  60  80 

20  (degree) 


Fig.  2.  X-ray  diffraction  patterns  for  (a)  Nbo.06Tio.94O2  and  Pd-Nbo.06Tio.94O2  composite 
materials  with  various  Pd  content,  and  (b)  their  corresponding  supported  Pt-Pd 
catalysts. 
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Table  2 

Crystallite  size  of  Pd  in  various  Pd-Nbo.06Tio.94O2  composite  supports. 

Sample  Crystallite  size  (nm) 

Pdiowt*-(Nbo.o6Tio.9402)90wt*  &6 

Pd30w«-(Nbo.06Ti0.94O2)70wa  113 

Pd50wt*-(Nb0.06Tio.9402)50wt%  12.9 


was  calculated  using  the  Debye-Scherrer  equation  [43]  and  is 
presented  in  Table  2.  It  can  be  seen  that  for  Pd— Nb0.06Ti0.94O2 
composite  samples,  the  Pd  crystallite  size  increases  with 
increasing  Pd  content.  The  XRD  pattern  of  the  Pd-composite 
supported  Pt-Pd  catalysts,  synthesized  by  the  microwave  assis¬ 
ted  polyol  method  [44,45],  was  also  recorded  and  are  shown  in 
Fig.  2b.  After  the  dispersion  of  the  PtPd  alloy,  the  PtPd  alloy  peaks 
were  overlapped  by  Pd  peaks  from  the  Pd— Nb0.06Ti0.94O2 
support.  What  is  more,  the  intensity  and  position  of  the  PtPd 
peaks  for  the  catalysts  (see  Fig.  2b)  are  almost  the  same  as  that 
for  the  Pd  peaks  from  their  corresponding  supports  (see  Fig.  2a). 
Whether  it  is  the  support  or  the  supported  PtPd  catalyst,  the 
intensity  of  the  PtPd  peak  is  found  to  increase  with  increasing  Pd 
content  inside  the  Pd-Nb0.06Ti0.94O2  support.  To  estimate  the 
actual  composition  for  all  the  alloy  catalyst  in  Fig.  2a,  Vegard’s 
law  [46,47]  was  used  in  the  calculation.  The  lattice  parameters 
and  the  atomic  fractions  of  Pt  alloyed  in  the  catalyst  are  listed  in 
Table  3.  It  can  be  seen  that  based  on  these  lattice  parameters,  the 
calculated  Pt  atomic  fraction  of  20  wt%  Pt0.62Pd0.38/Nb0.06Ti0.94O2 
is  0.621,  which  is  in  good  agreement  with  the  nominal  value 
(~0.62).  After  the  addition  of  pure  Pd  introduced  into  the 
support,  the  catalyst  has  a  decreased  Pt  atomic  fraction,  sug¬ 
gesting  that  much  more  Pd  took  part  in  the  formation  of  Pt— Pd 
alloy,  and  thus  these  alloys  probably  favor  increased  electro¬ 
chemical  catalytic  activity. 

3.4.  TEM  and  EELS  characterization 

For  the  Pd-Nb0.06Ti0.94O2  composite  materials,  TEM-EDX  was 
used  to  characterize  the  effect  of  Pd  on  the  morphology  of 
Nb0.06Ti0.94O2  at  the  microscale.  Fig.  3a  shows  a  TEM  image  of  the 
Pd30wt%-(Nbo.o6Tio.9402)70wt%  sample.  Two  EDX  spectra  shown  in 
Fig.  3b  were  acquired  at  the  two  points  labeled  in  Fig.  3a  as  SP1  and 
SP2,  respectively.  It  can  be  seen  that  the  EDX  spectrum  in  area  SP1 
does  not  show  a  significant  Pd  peak,  but  only  Ti,  Nb  and  O  peaks, 
suggesting  that  the  larger  particle  is  mainly  composed  of 
Nb0.06Ti0.94O2.  However,  the  spectrum  from  area  SP2  shows  clear 
characteristic  peaks  of  Ti,  Nb,  O  and  Pd,  suggesting  that  Pd  particles 
are  only  formed  on  the  surface  of  the  Nb0.06Ti0.94O2  support  during 
the  two-step  synthesis.  Fig.  3c  shows  that  the  Pd  particle  size 
distribution  is  mainly  in  the  range  of  10—15  nm. 

For  the  Pt— Pd  alloy  catalyst  supported  on  the  Pd— Nb0.06Ti0.94O2 
composite,  TEM  imaging  and  a  particle  size  distribution 


Table  3 

Pt  alloy  lattice  parameters  and  atomic  fractions  for  the  supported  catalysts:  20  wt% 
Pto.62Pdo.38/Nbo.O6Tio.94O2,  20  Wt%Pto.62Pdo.38/PdlOw«-(Nbo.06Tio.9402)90w«.  20  wt% 
Pto.62Pdo.38/Pd30wt£-(Nbo.o6Tio.9402)70w«,  and  20  wt%  Pto.62Pdo.3s/Pd50wt*- 
CNbo.06Tio.9402)50wt*. 


Catalyst  Lattice  parameter  Pt  atomic 

calculated  (nm)  fraction  in 


20  wt%  Pto.62Pdo.38/Nboo6Tio.94O2  0.39149  0.621 

20  wt%  Pto.62Pdo.38/Pdiowt%-(Nbo.o6Tio.9402)90wt*  0.39121  0.505 

20  wt%  Pto.62Pdo.38/Pd30wt*-(Nbo.o6Tio.9402)70wt*  0.39097  0.404 

20  wt%  Pto  62Pdo  38/Pd5owt%— (Nb0  06Ti0  9402)5Owt*  0.39067  0.279 


Fig.  3.  STEM  image  (a),  EDX  spectra  (b),  and  Pd  particles  size  distribution  (c)  for  Pd30wt%- 
(Nbo.o6Tio.9402)7owt*  support  synthesized  by  the  two-step  method. 


measurement  of  a  typical  20  wt%  Pto.62Pdo.3s/Pd30wt%- 
( Nb0.06Ti0.94O2  )70wt%  catalyst  was  conducted  and  the  results  are 
shown  in  Fig.  4.  As  shown  in  Fig.  4c,  the  catalyst  exhibits  a  particle 
size  distribution  on  the  support  mainly  in  the  range  of  3—4  nm. 
Considering  the  Pd  particle  size  range  of  10-15  nm  on  the 
support  in  Fig.  3c,  it  can  be  inferred  that  the  smaller  particles  in 
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Fig.  4c  should  be  the  Pt— Pd  alloy  particles  obtained  via  the 
microwave  assisted  reduction  method. 

To  further  characterize  the  morphology  of  the  catalysts,  data 
from  a  high-angle-annular-dark-field  image  from  scanning- 
transmission  electron  microscopy  (HAADF-STEM)  was  also 
collected  for  the  20  wt%  Pt0.62Pdo.38/Pd30w«-(Nbo.o6Tio.9402)70wt% 
catalyst  sample.  Fig.  5a  shows  two  types  of  particles  with 
different  sizes  on  a  large  metal  oxide  particle.  One  type  of  particle  is 
composed  of  clusters  below  5  nm  in  size  while  the  other  type 
contains  larger  particles  with  sizes  up  to  10  nm.  Point  EDX  spectra 
generated  from  various  locations  in  the  sample  (Fig.  5b)  further 
indicate  the  variation  of  the  chemical  composition  within  the 
different  areas  of  the  catalyst/sample.  The  square  area  highlighted 
in  Fig.  5a  presents  the  corresponding  region  where  EDX  mapping 
was  performed.  The  peak  assigned  to  Cu  in  the  EDX  spectra  can  be 
attributed  to  the  grid  used  for  the  TEM  measurement.  It  can  be  seen 
that  all  of  the  elements  (Ti,  Nb,  0,  Pd,  and  Pt)  are  present  in  the 
regions  identified  as  SP1  and  SP2,  while  SP3  from  the  surface  of  the 
dark  large  metal  oxide  particle  with  a  size  of  ~  100  nm  does  not  give 
any  clear  Pd  peak.  This  result  indicates  that  for  the  catalyst  with  the 
two-step  synthesized  support,  the  Pd  particles  and  Pt— Pd  alloy  are 
formed  on  the  surface  of  the  support  materials  rather  than  inside 
the  oxide,  as  confirmed  by  EDX  mapping  results  shown  in  Fig.  5c. 
The  distribution  of  Ti,  0,  and  Nb  are  almost  uniform  in  Fig.  5c. 


Thus,  three  distinct  phase  areas,  pure  Pd,  the  PtPd  alloy  and  the 
Nb— doped  TiC>2  particle  all  exist  in  the  catalyst  sample,  which  may 
provide  some  connection  among  them  and  produce  a  close  rela¬ 
tionship  in  physiochemical  properties,  possibly  favoring  the 
improvement  of  electrochemical  performance. 

3.5.  Surface  electrochemistry  of  supports  and  their  supported  Pt—Pd 
alloy  catalysts 

3.5.1.  Surface  electrochemistry  of  the  catalysts 

To  evaluate  the  electrocatalytic  properties  of  the  Pt—Pd  alloy 
catalysts  supported  on  the  Pd— Nb0.06Ti0.94O2  composite,  their 
cyclic  voltammograms  (CV)  were  recorded  at  31  °C  in  N2-purged 
0.1  M  HCIO4  solution  at  a  sweep  rate  of  20  mV  s  as  shown  in 
Fig.  6.  The  CV  curves  exhibit  two  typical  potential  regions,  one 
associated  with  H  adsorption/desorption  processes  (H+  +  e~  <->  FI) 
between  0  and  0.4  V,  and  the  other  with  the  formation  of  a  PtO 
layer  (PtO  +  2e“  +  2H+  <->  Pt  +  H20)  beyond  ~0.6  V  if  the  catalyst 
is  pure  Pt  or  supported  Pt.  For  the  Pd-containing  catalysts,  the 
sharp  peak  at  the  left  end  of  the  curves  is  mainly  from  those 
hydrogen  atoms  which  penetrate  inside  the  bulk  Pd.  Therefore,  the 
peaks  in  the  hydrogen  adsorption— desorption  region,  which  are 
associated  with  bonded  hydrogen  species  on  Pt  and  on  or  inside 
the  Pd  metal  [48-52],  may  be  integrated  to  determine  the  quantity 


Partide  Size  (ran) 


Fig.  4.  TEM  bright-field  image  (a,  b)  and  size  distribution  of  Pt-Pd  alloy  particle  (c)  for  20  wt%  Pt62Pd38/Pd3ow«-(Nbo.o6Tio.9402)7owei;  catalyst. 
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Fig.  5.  (a)  STEM-HAADF  image,  (b)  EDX  point  spectra  from  locations  SP1,  SP2  and  SP3  identified  from  the  HAADF-STEM  image,  and  (c)  EDXS  elemental  mapping  from  different 
locations  shown  in  the  HAADF-STEM  image  for  the  20  wt%  Pto.62Pdo.38/Pd30wt%-(Nb0.o6Tio.9402)70wt%  catalyst. 


of  hydrogen  involved,  but  are  not  adequate  for  the  evaluation  of 
the  electrochemical  surface  area  (ECSA)  of  these  catalysts  [48-52], 
Unfortunately,  the  accepted  method  of  determining  ECSA  through 
hydrogen  electrochemical  adsorption/desorption  is  only  appro¬ 
priate  for  pure  Pt  or  supported  pure  Pt  catalyst  rather  than  Pt  alloy- 
based  catalysts.  However,  according  to  Schmidt  et  al.  [53],  an 
alternative  method  using  CO  adsorption/desorption  could  be 
considered  to  estimate  the  ECSA.  At  the  time  of  this  manuscript, 
the  authors  are  performing  such  CO  adsorption/desorption 
measurements.  Discussion  of  these  results  is  the  subject  of  future 
work. 


Potential  (V  vs  RHE) 


Fig.  6.  Cyclic  voltammograms  for  the  20  wt%  Pto.62Pdo.38/Pdx_(Nbo.o6Tio.9402)ioo-x 
catalyst  series,  recorded  at  31  °C  in  an  N2-purged  0.1  M  HC104  solution  with  a  potential 
scan  rate  of  20  mV  s  The  catalyst  loading  on  the  glassy  carbon  rotating  disk  electrode 
is  46.2  pg  cm-2. 


3.5.2.  Oxygen  reduction  reaction  (ORR)  activity 

ORR  activity  of  Pt-based  bimetallic  electrocatalysts  is  one  of  the 
more  important  electrochemical  properties  to  evaluate.  Recently, 
a  lot  of  research  has  been  reported  to  improve  the  catalytic  activity 
of  PtxMy  (M  =  Co,  Cu,  Pd,  Ir,  Ni,  Au)  bimetallic  electrocatalysts 
[54-58],  These  bimetallic  catalysts  could  be  favorable  candidates 
in  the  development  of  active  ORR  catalysts  on  non-carbon 
supports.  To  investigate  the  ORR  activity  of  the  Pd— Pt  alloy  cata¬ 
lysts  supported  on  Nb0.06Ti0.94O2  and  the  Pd— Nb0.06Ti0.94O2 
composite,  rotating  disk  electrodes  individually  coated  with  four 
different  catalysts  (20  wt%  Pt0.62Pd0.38/Nb0.06Ti0.94O2,  20  wt% 
Pto.62Pdo.38/PdlOwt%— (Nbo,06Tio,9402)90wt%.  20  Wt%  Pto.62Pdo.38/ 
Pd30wt%— (Nbo,o6Tio.9402)70wt*.  and  20  wt%  Pto.62Pdo.3s/Pd50wtas— 
( Nb0.06Ti0.94O2 )50wt%)  were  measured  at  a  rotating  speed  of 
1600  rpm  in  an  O2— saturated  0.1  M  HCIO4  solution,  and  the  ob¬ 
tained  current-voltage  curves  are  shown  in  Fig.  7(a)  and  (b). 
Fig.  7(c)  exhibits  the  ORR  current-voltage  curves  for  Pd3owt%- 
( Nb0.06Ti0.94O2 )70wt%  and  20  wt%  Pt/[Pd30w«-(Nbo.o6Tio.9402)70wt 
%].  It  can  be  seen  that  various  catalysts  have  different  ORR  activi¬ 
ties.  For  a  more  quantitative  estimation  of  the  ORR  activity,  the 
Koutecky-Levich  theory  can  be  used  to  express  the  disk  current  in 
terms  of  kinetics  and  diffusion  [59,60]: 


1  1  1 


t — r  t — r  — 

Jk  Jd  Jf 


(1) 


where  j  is  the  measured  disk  current  density,  jk  is  the  kinetic 
current  density,  jd  is  the  diffusion  limiting  current  density,  and  jf 
is  the  diffusion-limited  current  density  through  the  Nafion® 
film  [61], 

If  the  thickness  of  the  Nafion®  film  used  to  bind  the  catalysts  on 
the  electrode  is  thin  enough  the  term  1/jf  in  Equation  (1)  can  be 
considered  negligible  [62],  As  a  result,  Equation  (1)  can  be  simpli¬ 
fied  to  Equation  (2): 
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Pto.62Pdoj8/Nbo.06Tio.9402,  20  Wt%  Pto.62Pdo.38/PdlOwra-(Nbo.06Tio.9402)90wt%,  20  wt% 
Pto.62Pdoj8/Pd30wt*-(Nbo.06Tio.9402)7OwK.  20wt%Pto.62Pdo.38/Pd50w«- 

(Nbo.06Tio.94O2)5owa,  Pd30wa-{Nb0.o6Tio.9402)7owa,  and  20  wt%  Pt/[Pd30w«- 

(Nbo.06Tio.94O2)7owal.  respectively  at  31  °C  in  a  02-saturated  0.1  M  HC104  solution.  The 
electrode  rotation  rate  was  1600  rpm,  and  the  potential  scan  rate  was  5  mV  s-1.  The 
catalyst  loading  on  the  glassy  carbon  RDE  was  46.2  pg  cirr2. 


The  jd  term  in  Equation  (2)  can  also  be  expressed  by  Equation 

(3): 

jd  =  0.62nFD^3C02o-1/6w1/2  (3) 

where  n  is  the  number  of  overal  electrons  transferred,  w  is  the 
electrode  rotation  rate,  F  is  the  Faraday  constant  (96,485  C  mol-1), 
Dq2  is  the  diffusion  coefficient  of  O2  in  0.1  M  HCIO4  solution 
(1.9  x  10-5  cm2  s_1),  Co2  is  the  saturation  concentration  of  oxygen 
in  0.1  M  HCIO4  solution  (1.13  x  10-6  mol  cm-3)  [63],  and  v  is  the 
kinematic  viscosity  (0.010  cm2  s  ’).  At  1600  rpm,  j  andjk  values  can 
be  derived  from  Equation  (2)  with  the  measured  geometric  current 
density  values  from  Fig.  7.  Fig.  8  displays  the  trends  for  the  mass 
activities  as  a  function  of  Pd  content  in  the  support.  It  can  be  seen 
that  when  Pd  forms  a  composite  with  the  Nb0.06Ti0.94O2  support,  all 


supported  Pt-Pd  alloy  catalysts  exhibit  higher  ORR  mass  activities 
than  for  the  case  without  Pd  in  the  support  and  commercial  47  wt% 
Pt/TKKE  (Based  on  the  recorded  ORR  current— voltage  curves  in 
Fig.  9,  its  calculated  Pt  ORR  mass  activity  is  102  mA  mgpt1). 
However,  the  Pt-Pd  mass  activity  decreases  beyond  10  wt%  Pd  in 
the  support  with  increasing  Pd  support  content.  Pd  is  not  active 
toward  the  ORR  and  therefore  dilution  of  the  Pt  content  with  Pd 
would  be  expected  to  decrease  mass  activity  at  some  point  with 
respect  to  the  Pt— Pd  alloy  composition.  As  shown  in  Fig.  7(c),  the 
Pd30wt%-(Nb0.o6Tio.9402)70wt%  support  material  and  20  wt%  Pt/ 
[  Pd30wt%  ( Nb0.06Ti0.94O2  )70wt%]  catalyst  have  low  ORR  current  at 
an  electrode  rotation  rate  of  1600  rpm,  and  a  potential  scan  rate 
of  5  mV  s_1.  The  calculated  Pt  ORR  mass  activity  of  the  Pd3owt%— 
(Nbo.o6Tio.9402)70wt%  is  3.015  x  10-4  mA  mgpd1  while  the  20  wt% 
Pt/[Pd30w«-(Nb0.06Ti0.94O2)70wt%]  catalyst  have  a  Pt  ORR  mass 
activity  around  78  mA  mgpt1,  lower  than  those  of  20  wt% 
Pto.62Pdo.38/[  Pd30wt%-(  Nb0.06Ti0.94O2  )70wt%]  and  the  commercial 
Pt/C  catalyst.  This  suggests  a  very  low  contribution  of  Pd  on  the  ORR 
mass  activity  of  the  Pd30wa-(  Nbo.oeTio.94O2  )70wa  support. 


commercial  47  wt%  Pt/TKKE  catalyst. 
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Pt  content  in  20wt%  PtmPd1  m/Pd30-Nb0  06Ti0  94O2 

Fig.  10.  ORR  mass  activity  of  20  wt%  PtmPd^m/Pdaovi^-tNbo.oeTio^tTovi^  as 
a  function  of  Pt  mole  content  (m)  in  the  catalysts. 


The  enhanced  Pt  mass  activity  with  increasing  Pd  content  in  the 
support  may  be  due  to  the  formation  of  Pt-Pd  clusters  on  the 
support  surface.  According  to  the  STEM  results  in  Figs.  3  and  5, 
some  pure  Pd  can  be  observed  on  the  Nb0.06Ti0.94O2  support.  After 
the  Pt— Pd  alloy  is  deposited  on  the  support,  there  may  be  some  Pt- 
Pd  particles  deposited  on  pure  Pd  to  form  PtmPdn  clusters.  The 
calculated  alloy  composition  in  Table  3  shows  a  different  change 
when  the  various  Pd  content  was  added  to  the  support,  suggesting 
the  formation  of  PtmPdn  clusters.  Theoretically,  in  the  presence  of 
Pd,  Density  Functional  Theory  (DFT)  calculations  predict  that  the  Pt 
atom  bears  negative  charges  while  the  Pd  atom  bears  positive 
charges  in  the  PtmPdn  clusters,  and  that  the  negatively  charged  Pt 
atoms  in  PtmPd„  can  facilitate  the  dissociation  of  O2  on  the  Pt 
surface,  thus  enhancing  ORR  activity  [64],  In  the  work  here,  at  high 
Pd  content,  there  should  be  more  pure  Pd  distributed  on  the 
Nb0.06Ti0.94O2  support  surface  during  the  two-steps  synthesis.  As 
a  result,  more  PtmPdn  clusters  are  likely  formed  on  the  support  after 
the  Pt— Pd  alloy  deposition,  leading  to  higher  Pt  mass  activity.  In  the 
oxygen  reduction  reaction,  the  generally  accepted  four-electron 
transfer  mechanism  involves  0-0  bond  breaking  and  0-H  bond 
formation  at  the  catalyst  surface.  It  can  be  inferred  that  with 
increasing  Pd  content,  the  catalyst  in  the  presence  of  alloy 
composite  like  Pt— M  (M  =  Pd)  becomes  more  effective  in  binding 
oxygen  strongly  enough  to  break  the  0-0  bond  while  binding  the 
OH  group  only  moderately  such  that  OH  removal  from  the  catalyst 
surface  by  water  elimination  is  reasonably  facile  [55,57,58], 
Another  factor  enhancing  the  ORR  activity  with  increasing  Pd 
content  in  the  support  would  be  the  increased  electronic  conduc¬ 
tivity  as  shown  in  Table  1.  The  support  with  high  conductivity 
favors  the  electron  transfer  between  the  Pt-Pd  alloy  particles  and 
the  Pd-Nb0.06Ti0.94O2  composite  support,  which  can  promote  the 
dissociation  of  O2  on  the  Pt  surface  and  correspondingly  contribute 
to  the  improvement  of  ORR  activity. 

Regarding  the  effect  of  Pt  content  in  the  catalysts,  Pt— Pd  alloy 
catalysts  with  different  mole  ratios  of  Pt  and  Pd  were  also 
synthesized  in  this  paper.  Fig.  10  shows  the  ORR  mass  activities  as 
a  function  of  Pt  mole  content  in  the  catalyst.  It  can  be  clearly 
observed  that  with  increasing  Pt  molar  content  (m),  the  PtmPdi_m/ 
Pd30wt%— (Nbo.o6Tio.9402)70wt%  catalyst  exhibits  an  increased  ORR 
mass  activity.  At  m  =  0.15, 0.35,  and  0.62,  the  weight  ratio  of  Pt  to  Pd 
in  the  Pt-Pd  alloy  is  1:3, 1:1  and  3:1,  respectively.  The  improve¬ 
ment  in  ORR  mass  activity  is  due  to  the  higher  Pt  content  favoring 
the  0—0  bond-breaking  on  the  catalyst  surface  and  thus  enhancing 
the  ORR  mass  activity. 


Catalyst  with  different  Pd  content  in  support  (wt%) 


Fig.  11.  Pt  ORR  mass  activity  losses  for  several  20  wt%  Ptn.62Pdo.3s/Pdx- 
(Nbo.onTio.g-^linn  x  catalysts  as  a  function  of  Pd  content  in  the  Nbo.06Tio.94O2  support, 
measured  at  30  °C  in  an  N2-purged  0.1  M  HC104  solution  for  1000  CV  cycles  in  the 
potential  range  between  0  and  1.2  V  vs.  RHE  at  a  scan  rate  of  20  mV  s~\  The  electrode 
rotation  rate  in  an  02-saturated  0.1  M  HC104  solution  was  1600  rpm,  and  the  potential 
scan  rate  was  5  mV  s-1.  The  catalyst  loading  on  the  glassy  carbon  RDE  was 
46.2  pg  cm-2. 


3.5.3.  Catalyst  stability 

Electrocatalysts  were  evaluated  for  durability  by  repeating 
1000  CV  cycles  in  the  potential  range  between  0  and  1.2  V  vs.  RHE 
at  a  scan  rate  of  20  mV  s-1  at  30  °C  The  electrolyte  used  was 
a  N2-purged  0.1  M  HCIO4  solution.  The  activities  of  all  catalyst 
samples  before  and  after  the  durability  test  were  measured  in  an 
02-purged  0.1  M  HCIO4  solution  at  30  °C.  Fig.  11  shows  the  Pt  ORR 
activity  loss  of  all  catalysts  as  a  function  of  different  Pd  content.  The 
increase  of  Pd  content  in  the  Nb0.06Ti0.94O2  support  appears  to 
slightly  increase  the  ORR  activity  loss,  suggesting  that  the  Pd- 
Nb0.06Ti0.94O2  composite  supports  have  some  electrochemical 
instability  in  acidic  solution.  This  results  in  some  cases  in  an  ORR 
activity  loss  that  can  be  more  than  60%.  However,  20  wt% 
Pt0.62Pd0.38/Nb0.06Ti0.94O2  showed  a  lower  ORR  activity  loss  around 
31%  than  commercial  47  wt%  Pt/TKKE  (its  ORR  activity  loss  was 
about  41%  as  shown  in  Fig.  9).  This  major  degradation  mode  is 
believed  to  be  due  to  the  dissolution  of  Pd  in  acidic  solution,  leading 
to  isolated  Pt  particles.  More  work  is  necessary  to  clearly  identify 
the  degradation  mechanisms. 

4.  Conclusions 

In  this  study,  we  successfully  synthesized  several  Pd— Nbo.o6- 
Tio.9402  composite  materials  by  a  two-step  procedure,  and  these 
materials  were  employed  as  the  catalyst  supports  for  Pt-Pd  alloy 
catalysts  for  the  PEM  fuel  cell  oxygen  reduction  reaction  (ORR). 
Several  characterization  methods  such  as  XRD,  EDX,  TEM,  HAADF,  BET, 
solubility  testing,  as  well  as  conductivity  measurements  were  used  to 
study  these  supports  and  their  supported  catalysts.  HAADF-STEM 
results  showed  that  for  Pd-Nb0.06Ti0.94O2  composite  supports,  Pd 
nanoparticles  could  stay  on  the  Nb0.06Ti0.94O2  particle  surface,  and 
that  for  the  supported  Pt— Pd  catalysts,  the  Pt— Pd  nanoparticles 
could  stay  on  both  the  Nbo.06Tio.94O2  particle-Pd  composite 
surfaces  and  form  Pt— Pd  clusters.  With  respect  to  chemical  stability 
the  Pd-Nb0.06Ti0.94O2  composite  support  materials  showed  low 
solubility  in  acidic  solution,  indicating  that  they  may  be  feasible 
support  materials  for  ORR  electrocatalysts.  The  electronic  conduc¬ 
tivity  of  Nb0.06Ti0.94O2  could  be  greatly  improved  by  forming 
a  composite  with  Pd.  For  example,  the  conductivity  was  increased 
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after  Pd  content  was  increased  from  0  wt%  to  50  wt%  in  the  support 
from  4.45  x  10-3  S  cm-1  for  Nb0.06Ti0.94O2  to  2.65  S  cm-1  for  Pdsowtx— 
(Nb0.06Tio.9402)50wt«- 

Three  Pt-Pd  alloy  catalysts  supported  on  a  Pd-Nb0.06Ti0.94O2 
composite  material,  20  wt%  Pto.62Pdo38/Pdiowt%-(Nbo.o6Tio.94C>2)90wt 
x.  20  wt%  Pto.62Pdo.38/Pd30wtx— (Nb0o6Tio.9402)70wt%.  and  20  wt% 
Pto.62Pdo.38/Pd5ow«-(  Nb0.06Ti0.94O2  )50w«,  were  synthesized  and 
tested  using  both  cyclic  voltammetric  and  rotating  disk  electrode 
techniques  to  determine  the  ORR  mass  activity,  as  well  as  the  elec¬ 
trochemical  stability.  All  three  catalysts  showed  higher  Pt  ORR  mass 
activity  (>130  mA  mgpt1  at  0.9  V  vs.  RHE)  than  that  of  the  baseline 
47  wt%  PtC-1  catalyst  (110  mA  mgpt1).  However,  these  catalysts 
showed  insufficient  electrochemical  stability  compared  to  the  base¬ 
line  catalyst.  For  example,  after  electrochemical  cycling  for 
1000  cycles  in  the  potential  range  between  0  and  1.2  V  vs.  RHE  in 
acidic  solution,  the  loss  of  ORR  mass  activity  could  be  as  high  as  70% 
likely  due  to  the  dissolution  of  Pd  in  both  the  support  and  Pt-Pd  alloy. 
More  work  is  necessary  to  improve  the  electrochemical  stability 
of  these  Pt-Pd  alloy  catalysts  supported  on  Pd-composited 
Nb0.06Ti0.94O2  materials. 
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